Introduction
Supercritical fluid extraction (SFE) is a relatively new and rapidly growing technique for sample preparation in analytical chemistry [l] . SFE has been recognized as an important alternative to conventional liquid or Soxhlet extraction and provides many advantages, such as a reduced use of organic solvents, shorter extraction time, adjustable solvent strength, and the capability of on-line transfer of the extracted components to other analytical instruments [2-51. In trace analysis, the ability to rapidly remove the extraction fluid simply by pressure release and venting is a significant advantage of SFE over liquid extraction. In conventional extraction techniques, the extracts often have to be reconcentrated prior to introduction into the analytical separation system. SFE extracts can be collected in a very small volume of liquid or even in dry collection tubes. For this reason, SFE is particularly promising for trace analysis. Unfortunately, however, SFE also has a number of disadvantages. Among these is the price of the instrumentation and. more importantly, the time consuming nature of method development. Many parameters affect the SFE process, e.g. temperature, pressure, modifier type, and concentration as well as solute parameters such as molecular weight, polarity, and volatility, and matrix properties such as particle size, pore structure, and adsorptive strength. The numerous parameters that influence the extraction process and the lack of fundamental knowledge about how these parameters affect the extraction are to blame for the fact that method development in SFE up till now has remained mainly empirical. Current optimization strategies for SFE are almost exclusively based on trial and error experiments.
The SFEprocess basically involves three consecutive steps. First, the solutes have to diffuse from the core of the matrix-particles to the surface. Obviously, this step is absent if the components are adsorbed on the surface of a particle, which is for example the case for components that are extracted from an SPE cartridge or from sandy soil. Next, the components are transferred from the particle surface into the extraction fluid. The key parameter that controls this process is the distribution coefficient of the solute between the matrix and the supercritical fluid phase. Finally, the components are eluted from the extraction cell by the flow of supercritical extractant. The last two steps of the extraction process are somewhat similar to the process occurring in supercritical fluid chromatography (SFC). Hence, the extraction behavior for samples in which these two steps determine the rate of extraction should be at least qualitatively related to the retention behavior of the solutes in SFC.
Optimization of SFE has been the subject of numerous papers in the recent chromatographic literature [&-16] . Most of these articles rely on empirical optimization. A limited number of more fundamental studies was published in which attempts were made to increase fundamental knowledge of the thermodynamic and kinetic parameters that impact on SFE. Bartle et al.
[6] derived a model that allowed the calculation of the extraction kinetics in an SFE system where the rate-governing step is slow mass transfer inside the matrix particles. King [7) published a mathematical model that permits the calculation of the solubility of organic compounds in supercritical fluids from molecular parameters. McNally and Wheeler [8, 9] attempted to correlate SFC retention data of diuron and linuron measured on an octadecyl material with the extraction behavior of these components from soil in SFE. Similar work was done by Furton et al. [lo] . Bartle's model yielded an excellent agreement between theory and practical results in the case where the first step in the extraction process, i.e. diffusion in the solid particle, is the rate-limiting parameter. A typical SFE application where this situation occurs is the extraction of polymer additives from polymeric particles. In other important application areas of SFE, the components are adsorbed on the surface of a particle such as a sandy soil or an SPE sorbent. In these cases, no diffusion of the components from the core of the particle to the surface has to occur. Therefore, the key parameter controlling the extraction behavior for these samples is the distribution coefficient of the solute between matrix and supercritical fluid. The distribution coefficient is the result of competition between the supercritical fluid extractant and the SFE Recoveries and SFC Retention Data matrix for the solute. In analytical SFE, the analyte concentration in the matrix is generally low. Hence, the solubility of the cornponents in the extraction fluid is generally not a limiting parameter. The observation that small variations in sample matrix composition Can require substantial adjustment of the extraction parameters appears to indicate that effects associated with the matrix are far more important [ 161.
In chromatography, the capacity factor, being the quotient of the distribution coefficient and the phase ratio, represents the ratio of the amount of the component retained in the stationary phase to the amount present in the mobile phase. Therefore, the extraction kinetics in SFE should at least be qualitatively related to the capacity factors of the components measured in SFC using the matrix that is to be extracted as the stationary phase. In more general terms, the knowledge of extraction kinetics in SFE can be improved by studying the retention behavior in packed column SFC.
In the packed-column SFC separation of polar components asymmetrical peaks are very often observed. The cause of the poor peak shape is the presence of residual active sites on the packing material [ 17,181. These active sites tend to interact strongly with the analytes thereby resulting in non-linear isotherms. Moreover, for such systems, the distribution coefficient becomes concentration dependent. If now a similar situation occurs in SFE, this would mean that the extraction yields obtained in a given extraction time under given experimental conditions could also be affected by the concentration of the analytes in the matrix. Schoenmakers et al. [ 17, 181 studied the distribution isotherms of polar components on inhomogeneous stationary phases in SFC and found that the retention decreased with increasing sample size. Up till now, the effects of concentration on the extraction efficiency in SFE have not been investigated yet.
The aim of the present work is to investigate whether retention data of the components of interest measured on the sample matrix using SFC can provide a means of gaining knowledge of the extraction kinetics in SFE. After extraction, the components of interest are injected by means of an SFC injection valve incorporated in the SFE set-up and the retention data and peak shapes are determined. SFE elution profiles are then correlated with retention data and peak shapes of the components as obtained in the SFC mode. A model is derived that allows the calculation of extraction yields from retention data and peak shapes measured under SFC conditions using the extraction cell as the chromatographic column. The predicted recoveries are compared with experimentally observed extraction yields. Furthermore, the effects of analyte concentration on the kinetics of extraction were investigated.
Theory
Supercritical fluid chromatography and supercritical fluid extraction have in common the use of a supercritical fluid for eluting the analytes. In both techniques, there is a stagnant phase that tends to retain the probe molecules. The matrix in SFE can be looked upon as a kind of stationary phase that retains the analytes analogous to a true stationary phase in SFC. In this section a model will be derived that allows the calculation of extraction yields in SFE from retention data and peak shapes measured in the SFC mode using the extraction cell as the chromatographic column.
For components adsorbed on the surface of the matrix, equilibration is fast. The distribution of the analytes between the matrix and the supercritical fluid after equilibration can be expressed by the distribution coefficient. The distribution coefficient, K, is defined as the ratio of concentrations in the two phases:
where c and m are the concentration and weight of the components in the two phases, respectively. V is the volume of the matrix and the supercritical fluid, and p is the phase ratio. The subscripts " ma" and " sf' refer to "matrix" and '' supercritical fluid", respectively.
For a given compound under given experimental conditions, K is the thermodynamic distribution coefficient which can be measured by SFC. If now the SFE and SFC experiments are carried out on the same packing under identical experimental conditions, the distribution coefficient obtained in SFC is also valid for SFE. Hence,
Combining eqs. (1) and (2) yields ---
Where m,f and mma are the amounts of the test compound dissolved in the supercritical fluid and adsorbed on the matrix, respectively.
The fraction of solute present in the supercritical fluid, R, is given by:
Here R actually represents the extraction yield obtained in a static extraction. Combining eqs. (3) and (4) yields
We can now define a parameter a which represents the ratio of the phase ratios under SFE and SFC conditions:
In the present work all SFE and SFC experiments were carried out using the cartridge packed with the sample both as the extraction cell and as the SFC column. Hence, the value of M was unity throughout this work. This means that eq. (5) can be simplified to:
where k' ,fC is the capacity factor of the analyte as determined by SFC. In order to calculate the extraction yields, the SFE elution profile was studied. For systems in which the extraction rate is determined by transfer of the solute from the particle surface into the fluid, it can be assumed that equilibrium between the supercritical fluid and the matrix is established in a short period of static extraction. Moreover, for these systems there is no concentration gradient along the cell. In the hypothetical case that we have an extraction cell with an infinite plate number, the time required to elute the components is identical to the time required to elute the sample molecules that were originally present at the very top of the extraction cell. This time equals the retention time in SFC. Under the conditions specified above, the analytes elute at a constant rate and extraction is complete at the analyte retention time. Plots of the extraction rate vs. time curve and of the corresponding SFC chromatogram for this hypothetical system are given in Figure 1A -1C.
In SFE systems with a finite plate number, the time required to quantitatively extract the components is increased due to bandspreading. As the degree of band-spreading in SFE of the components originally present at the very top of the extraction cell is identical to that in SFC, the time required to obtain quantitative extraction in SFE equals the time required to obtain complete elution in SFC. Due to the band-spreading, a gradual decrease in extraction rate occurs towards the end of the extraction resulting in a smooth transition in the extraction yield vs. time curve.
In mathematical terms, the extraction yield vs. time curves as given in Figure lC , can be obtained by integration of the extraction rate vs. time curves given in Figure IB . The shape of the extraction rate vs. time curve for an SFE cell with an infinite plate number is easy to predict ( Figure 1B ). number. The response of the system to a narrow input signal is simply the chromatographic peak.
In static SFT after equilibrium between the supercritical fluid and the matrix has been established, the analytes elute at a constant rate from the beginning of the dynamic extraction. Using convolution techniques, the elution profile in SFE can be expressed as:
where r(t) is the extraction rate at time t, M is the total amount of the analyte, to is the time needed to elute the void volume of the cell, and c(t) is the SFC elution profile.
The extraction yield, Y, can be calculated from:
If the elution profile in SFC, c(t), can be represented by a Gaussian peak, ey. (8) Combining eqs. (9) and (I 0) yields:
The extraction rate and extraction yield vs. time curves calculated from an SFC peak for an SFE cell with a finite plate number are shown in Figure 1D -1F.
Up till now, it has been assumed that the capacity factors of the components are independent of the solute concentration and that the sample matrix lo be extracted is well defined and homogeneous (e.g. the extraction of non-polar components from an SPE adsorbent). For inhomogeneous samples where the sample matrix contains active sites for the solutes, however, various interaction mechanisms between the analyte and the matrix might contribute independently to the overall retention of the analytes, e.g. interaction with organic material and with active sites present in the matrix. In this case, a mixed retention mechanism [I71 must be used, where
Here Ktot(c) is the overall capacity factor, KPm and Kads(c) are the capacity factors due to partitioning and adsorption, respectively. The addition of (c) indicates the dependence of the parameter on the concentration of the analytes. For SFC systems in which such a situation occurs, lower capacity factors are often observed at higher concentration levels. In the case that the capacity factor is concentration dependent, eqs. (8) -(I 1) are no longer valid. It is one of the aims of the present work to investigate whether the analyte concentration affects the extraction characteristics of SFE.
Experimental
The experimental work was carried out on a modified Carlo Erba SFC 3000 capillary SFC instrument (Carlo Erba, Milan, Italy). A stainless steel HPLC column (0.5 cm i.d. x 10 cm length) obtained from Knauer (Berlin, Germany) was used as the extraction cell. Fused-silica capillaries (20 pm i.d., with different lengths) were used as restrictors. To enable static extractions an on-off valve (Valco, Switzerland) was installed directly behind the extraction cell. The supercritical fluid flow from the extraction cell was split into two streams in a low dead-volume T-piece (Gerstel GmbH, Mulheim a/d Ruhr, Germany). One stream (approximately 2%) was fed to the flame ionization detector (FID) for detection, while the other was directed towards the sample collection device. A schematic representation of the instrument is given in Figure 2 .
All experiments wereperformedat 50 "C unless statedotherwise. The analytes were extracted at 200 bar (from sand) or 300 bar (from ODs) after a 5 minute static period at the same pressure.
The carbon dioxide used in the experiments had a purity of 99.996% (Intermar B.V. Breda, The Netherlands). An octadecylsilane solid phase material (ODS, 40 pm particle size, J.T. Baker Inc., Philipsburg, NJ USA) and sand were selected as model matrices. The test solutes were octadecane, eicosane, cyclohex- anone, and hexadecanol (all obtained from Fluka AG., Buchs SG, Switzerland). The extracted material was collected by inserting the restrictor outlet into a glass vial (10 cm x 1 cm id.) containing an internal standard and 5 ml organic solvent. Hexane was selected as the collection solvent for octadecane and eicosane while dichloromethane was used for the collection of hexadecanol.
After collection, the solution was concentrated under a gentle flow of nitrogen and analyzed using a gas chromatograph equipped with an on-column injector and an FID (GC 8000 series, Carlo Erba Instruments). The gas chromatographic separation was achieved on a crosslinked PEG-20 M capillary column (25 m x 0.32 mm id., film thickness 1.2 pm) purchased from Chrompack (Middelburg, The Netherlands).
Results and Discussion
Although very different at first sight, SFE and packed column SFC are very much similar in many respects. In both techniques, a supercritical fluid is used for dissolving the components and transporting the analytes through a packed bed of solid particles, i.e. the stationary phase in SFC or the matrix in SFE. If an analyte exhibits a strong interaction with the matrix, this will result in a high capacity factor in SFC and a poor extractability in SFE.
Similarly, a packed cell exhibiting large band spreading in SFC is unlikely to yield sharp extraction curves in SFE. From this it is plausible to assume that retention and peak shapes observed in SFC on the one hand and the extraction profile in SFE on the other hand are correlated.
In the theory section. equations have been derived that allow the calculation of SFE extraction rates and yields from chromatographic retention data and peak shapes (eqs. (7), (8), and (I 0)). From these equations, the following conclusions can be drawn:
(a) the fraction of solute present in the supercritical fluid will decease with increasing Ksfc;
(b) if static extraction is followed by solventless collection of the analytes in a rapid depressurization step without subsequent dynamic extraction [ 191, quantitative recovery can only be obtained if K is zero:
(c) any parameter affecting K in SFC will affect the SFE extrac-(d) the extraction rate will decrease with increasing K and/or to.
tion kinetics.
SFE Recoveries and SFC Retention Data
These conclusions are in agreement with observations that better recoveries for SFE can be achieved by working under conditions that lead to reduced capacity factors in SFC, such as increased supercritical fluid density or the addition of modifiers [ 101.
The extraction rate vs. time curve calculated from eq. (8) shows that after an initial period in which elution occurs at a constant rate, the extraction rate starts to decrease and finally reaches zero at the time when extraction is complete. The width of the constant elution rate range is determined by both the solute retention time and the column efficiency of the extraction cell. That is, the time needed for complete extraction is controlled by both the solute retention time and the extraction cell efficiency. For a Gaussian peak, the SFE extraction yield at the point of the retention time of the solute in SFC can be calculated by eq. (11). The results can be approximated by:
where N is the plate number of the extraction cell.
From this equation, it can be seen that the column efficiency of the extraction cell has a considerable effect on the SFE extraction behavior. If the plate number of the extraction cell would be infinite, the extraction would be complete at the solute retention time. For a more realistic extraction cell with a finite plate number, the extraction yield at the solute retention time is less than 100%.
In order to correlate the SFE extraction kinetics with SFC retention data and peak shapes, SFC experiments were camed out immediately after the SFE experiments using the SEE cell as the SFC column. In Figure 3 overlays are shown of the SFE elution profiles and the SFC chromatograms of octadecane at 50 "C and different pressures. The elution profiles calculated directly from the chromatographic peak shapes using the convolution technique are also shown in this figure. A number of interesting conclusions can be drawn from these plots. First, it can be seen that a very good agreement between the experimental extraction profile and the calculated profile is obtained. As predicted, the analytes elute at a constant rate from the start of the dynamic extraction until close to the retention time of the component in the SFC experiment. Then, the extraction rate starts to decrease at the point where elution of the component begins. As is evident from the figure, complete recovery of a component in SFE is achieved after the time when the component is fully eluted from the extraction cell in the SFC experiment. These observations prove that the extraction behavior in SFE is indeed closely related to retention in SFC.
In the preceding paragraph, good agreement was observed between the experiments and the predicted trends in the extraction of non-polar components from ODs. However, for inhomogeneous systems, where a mixed-retention mechanism can occur, the capacity factors of the components become concentration dependent and the eqs. (8) -( I 1) are no longer valid. In this case, it is no longer possible to calculate the SFE elution profiles directly from SFC retention data and peak shapes as is evident from time around to (the time needed to elute the void volume of the extraction cell). From a comparison of the SFE elution profile with the SFC chromatogram, it can be seen that extraction is already complete before the time required to fully elute cyclohexanone in the SFC experiment.
In order to investigate whether the SFE extraction yields are affected by the concentrations of the solutes in the sample, two model systems were studied in detail. The first system involved the extraction of non-polar solutes from ODs. The other system combined a polar solute, hexadecanol with sand as the matrix. The components were extracted at a gaseous carbon dioxide flow rate of approximately 60 mumin for 3 minutes after a 5 minute static period. The results are listed in Table 1 and Table 2 , respectively. As can be seen from Table 1, no effect of the solute concentration on the SFE behavior is observed for the extraction of dodecane or eicosane from ODs. Analogously, the capacity factors of dodecane and eicosane on ODS in SFC are independent of the concentration of the components. Another interesting conclusion that can be drawn from the results presented in Table 1 is that the experimental extraction yields are in good agreement with the data calculated according to eq. (1 1). For the extraction of hexadecanol from sand, a different situation occurs. Here, the solute retention in the SFC mode is a function of solute concentration. Hence, the equations derived in the theory section can not be applied for this solute/matrix combination. The extraction yields at different concentration levels are listed in Table 2 . From this table, it can be seen that higher extraction yields were obtained at higher hexadecanol concentrations. This observation is in agreement with expectations because the capacity factors of hexadecanol on sand were found to decrease at increasing concentration levels due to the non-linearity of the adsorption isotherm. The dependence of extraction yield on analyte concentration in SFE further complicates SFE method development. Experimental conditions that give good recoveries for samples containing high solute concentrations might yield poor extraction recoveries for low-concentration samples. 
It is interesting to compare the SFE results obtained in the extraction of hexadecanol from sand with those in the extraction of this component from ODs. Hexadecanol can easily be eluted from sand even at fairly mild conditions (Figure 5a ). On the contrary, it is strongly retained on ODs. On this material no peak was observed under the same experimental conditions ( Figure  5b ). In SFE after 3 minutes' dynamic extraction at 50 "C and 200 bar, nearly 50% of hexadecanol was extracted from sand, while only a negligible percentage (1.5%) was extracted from ODS under identical experimental conditions (Table 3) . This difference in extraction yields proves that variations in the composition of the sample matrix can have a large impact on the extraction rate in SFE. A practical consequence of this is that the extraction conditions required are strongly matrix dependent. This again supports the presumption that the distribution coefficient is one of the most important parameters in SFE. Moreover, it emphasizes that SFC retention data can be useful in predicting SFE recoveries as well as in optimizing SFE extraction conditions. ' ) with eicosane as the internal standard.
For homogeneous systems SFE conditions can be predicted directly from SFC experiments. For inhomogeneous systems that exhibit strong matrix effects or for systems where the extraction rate is determined by diffusion in the sample, a direct transfer of SFC retention data to SFE extraction yields is not possible.
However, SFC retention data can still be useful. If a solute requires extreme elution conditions in SFC, extraction in SFE will certainly be difficult.
Conclusions
Supercritical-fluid chromatography offers an attractive method for examining the effects of experimental parameters on the extraction behavior in supercritical fluid extraction. A model is derived that enables the prediction of SFE extraction yields in bbth static and dynamic extraction from SFC retention data measured using the matrix that is to be extracted as the stationary phase. For samples in which the extraction kinetics are controlled by transfer of the components from the surface of the matrix into the extraction fluid and by subsequent elution out of the extraction cell, experimental extraction yields and predicted data are in good agreement. Extraction of components from solid sorbents is controlled by many of the same factors that control retention in SFC.
Variations in sample matrix composition were found to require a substantial adjustment of the extraction parameters. For inhomogeneous samples, solute concentration can have a considerable effect on SFE kinetics.
